Fluorinated polyimide can potentially replace TEOS as an interlevel dielectric in future ULSI interconnect technologies because its lower dielectric constant offers reduced crosstalk, signal propagation delay, and dynamic power dissipation. One issue associated with polyimides is the anisotropy in dielectric constant, where the smaller out-of-plane dielectric constant, typically measured using parallel-plate capacitors, can misleadingly exaggerate the advantage in reducing crosstalk. In this paper, we present a novel electrical technique to estimate the in-plane dielectric constant of DuPont FPI-136M fluorinated polyimide without requiring dielectric gapfill.
INTRODUCTION
In the ongoing search of low dielectric constant (low-K ) interlevel dielectrics for high-performance interconnects, fluorinated polyimide [1] emerges as a potential candidate, offering advantages of reduced crosstalk [2] , faster signal propagation [3] , and lower dynamic power dissipation [4] over conventional TEOS. An important consideration when comparing polyimides against other low-K contenders is the anisotropy in dielectric constant, where the in-plane dielectric constant, K in-plane , can exceed the typically advertised out-of-plane value, K out-of-plane , by as much as 10 to 20%. This leads to an optimistic prediction of crosstalk should K out-of-plane be used in estimating lateral capacitance.
The anisotropy is conventionally extracted from the relationships K out-of-plane = n TM 2 and K in-plane = n TE 2 where n TM and n TE are the out-of-plane and in-plane refractive indices respectively, measured using a prism coupler [1] . Optical estimates of dielectric constant, however, are optimistic since among dielectric polarization components consisting of ionic, dipolar, atomic, and electronic contributions, fewer are activated at optical frequencies than at lower electrical fre-quencies [5] . K in-plane can be estimated electrically by gapfilling spaces between metal lines with dielectric and measuring lateral capacitance [6] . However, this approach is compromised in accuracy by the filling and confinement of polymer chains in narrow gaps, and is not feasible for dielectrics having poor gapfill ability yet possessing attractive qualities for inlaid metallization architectures. In this paper, we present an electrical technique to extract K in-plane of a blanket film of DuPont FPI-136M fluorinated polyimide.
THEORY
Consider the cross-section of interdigitated inlaid metal lines passivated by a thick dielectric (Figure 1 ). The lateral crosstalk capacitance between adjacent lines, C crosstalk , is the sum of one sidewall ( C side ) and two fringe components ( C bottom and C top ):
Provided the passivation dielectric is sufficiently thick to contain essentially all the electric field lines fringing above the inlaid metal,
where 〈 K passivation 〉 is the effective (isotropic) dielectric constant, intermediate between K out-of-plane and K in-plane , of the passivation dielectric. For identical structures passivated by other dielectrics, ( C bottom + C side ) remains invariant. Hence, C crosstalk is a linear function of 〈 K passivation 〉 defined by measuring C crosstalk of structures passivated by two isotropic dielectrics with known dielectric constants. The unknown polyimide 〈 K passivation 〉 can then be interpolated from the measured C crosstalk of a polyimide-passivated structure. We choose air ( K = 1.0) and TEOS ( K = 4.2) as the two reference passivation dielectrics. See Figure 2 . After extracting 〈 K passivation 〉 and additionally measuring K out-of-plane from parallel-plate capacitors, we employ an interconnect capacitance simulator to determine the K in-plane -K out-of-plane combination which leads to an equivalent 〈 K passivation 〉 . 
EXPERIMENT
The interdigitated metal test structures were fabricated on n-Si substrates. Processing commenced with a thin gate oxidation followed by a blanket 1.6-µm TEOS deposition. After backside oxide removal, trenches were formed by a 0.55-µm deep TEOS etch and subsequently filled by a conformal CVD Al(0.5%Cu) deposition [7] . Following chemo-mechanical polishing (CMP) of the excess metal to form the inlaid lines, the wafers were divided into three splits, respectively passivated by (1) air, (2) 1.2-µm TEOS, and (3) 1.2-µm FPI-136M. For the FPI-136M split, an additional 0.18-µm PECVD nitride film was deposited as a hard mask to pattern the polyimide. In the latter two splits, processing continued with a passivation dielectric etch to expose metal pads for wafer probing. Finally, all wafers were subjected to a forming gas anneal. The resulting inlaid metal lines were 0.50 µm wide, with 0.48 µm separation between adjacent lines.
RESULTS AND DISCUSSION

Extraction of 〈 K passivation 〉
Results of the extraction technique are shown in Figure 4 . FPI-136M equilibrated to 40% relative humidity at 25 °C is observed to have 〈 K passivation 〉 = 3.3. The same extraction at 150 °C after a 24 h bake at 150 °C yields 〈 K passivation 〉 = 2.8, a value which remains unchanged with subsequent heating. The difference is attributed to moisture in the polyimide bulk and at the polyimide/TEOS interface. We accounted for processing nonuniformities by applying the extraction to capacitances measured at consistent die locations among the three wafer splits. The principal nonuniformity was due to Al(0.5%Cu) polishing. Our CMP process was center-fast and led to the erosion of TEOS near the wafer center, resulting in C side variations. These variations are consistent with Serpentine line resistance measurements. C crosstalk was measured at 1 kHz because at frequencies higher than 20 kHz, resistive shielding due to the Serpentine line resistance would cause the measured C crosstalk to roll off regardless of passivation dielectric. Interdigitated comb structures are better suited for higher frequency measurements than the tested Comb1/Serpentine/Comb2 structures.
For the three fabricated splits, C crosstalk was measured at 1 kHz using an HP4194A Impedance/Gain-Phase Analyzer. The schematic of the measured test structure is shown in Figure  3 . Comb1 and Comb2 were shorted together to one terminal while the Serpentine was connected to the other. The DC levels of both terminals were zero. To minimize noise and parasitic coupling between metal lines through the substrate, the wafer substrate was grounded. In addition, a relatively large sinusoidal amplitude of 1 V was applied to maximize the AC signal current and to overcome the possible presence of trapped charge in the polymer. From capacitance-voltage measurements, the n-Si surface was found to be in deep accumulation under these biases. 
Confirmation by MEDICI™ Simulations
The 〈K passivation 〉 extraction technique was confirmed by MEDICI™ interconnect capacitance simulations [8] where C crosstalk was simulated for Figure 1 cross-sections with 〈K passivation 〉 values of 1.0, 2.8, and 4.2. As shown in Figure 5 , simulation results demonstrate the expected linearity between C crosstalk and 〈K passivation 〉. The validity of the technique is also based on a sufficiently thick passivation dielectric to ensure that fringing electric fields do not spread beyond the passivation dielectric. Simulations show that in the absence of trapped charge in the dielectric, the fringe profile is insensitive to the dielectric material and field lines are essentially confined to the first 1.0 µm above the inlaid metal lines (Figure 6 ). For passivation dielectrics thinner than 1.0 µm, C crosstalk no longer remains constant since fringing fields now spread beyond the passivation layer into the dielectric above-air for TEOS passivation and 0.18 µm nitride (K = 7.4) for polyimide passivation. Hence, the passivation layer should be at least twice the intrametal spacing. In our fabricated structures, the passivations are 1.2 µm thick. See Figure 7 .
Determination of K in-plane
After extracting 〈K passivation 〉, we utilize MEDICI™ to determine the combination of K in-plane and K out-of-plane which results in an equivalent 〈K passivation 〉, in effect, to solve the anisotropic Laplace's equation (3) numerically.
(3)
With K out-of-plane = 2.6 from parallel-plate capacitance measurements, the result is K in-plane = 3.0. Table I compares the results of this work with optical data reported in [1] . † K out-of-plane = n TM 2 and K in-plane = n TE 2 . 
Summary
CONCLUSIONS
We have reported an electrical technique to extract the in-plane dielectric constant of a blanket fluorinated polyimide film using the fringe capacitance between interdigitated inlaid metal structures passivated by a sufficiently thick polyimide film. The technique consists of extracting an effective dielectric constant of the passivating polyimide calibrated by identical structures passivated by air or TEOS. Following this extraction, a two-dimensional interconnect simulator is employed to determine the combination of in-plane and out-of-plane dielectric constants that results in the effective value. For dry DuPont FPI-136M, the in-plane dielectric constant is extracted to be 3.0. This generic technique is applicable to other dielectrics.
